Abstract Previous studies evaluating whether risk factors for gastric cancer are also associated with colorectal cancer (CRC) have shown inconsistent results. We prospectively examined the association of atrophic gastritis, a premalignant condition for gastric cancer and long-term sequelae common to many exposure factors, and the risk of incident CRC. Methods A total of 20,928 Finnish male smokers, aged 50-69, who were participants in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) had serum pepsinogen I (SPGI) levels measured. Participants with low SPGI levels (\25 lg/l; n = 1,665) were invited for gastroscopy. Of these, 1,059 (63.6%) participants underwent gastroscopy and atrophic gastritis was histologically confirmed in 1,006 (95.0%) participants. We used Cox proportional hazards regression to evaluate the risk of incident CRC.
Introduction
There has been a considerable interest in evaluating whether risk factors for gastric cancer also predispose to an increased risk of colonic malignancy. Newbold [1] suggested a common histogenesis between intestinal-type gastric cancer and colorectal carcinoma by demonstrating that similar clusters of undifferentiated proliferating columnar cells occur in the mucosal surfaces associated with intestinal metaplasia in the stomach and adenomatous polyps in the colorectum.
Multiple factors that have been suggested to contribute to the development of gastric neoplasia have been examined for an association with colorectal neoplasia with inconsistent results. Previous studies examining the association of chronic Helicobacter pylori infection with colorectal cancer reported inconsistent results with some reporting positive associations [2, 3] while others did not [4, 5] . Long-term therapy with proton pump inhibitors (PPI) continues to increase and is likely to increase further with their increasing over-the-counter availability. It is noteworthy that chronic PPI therapy has not been proven to increase the risk of gastric cancer. Nonetheless, studies have suggested that it enhances the development of gastric atrophy with hypergastrinemia, particularly in persons with chronic Helicobacter pylori infection [6] . Gastrin has proliferative effects on colonocytes [7, 8] . However, based on prescription information, recent studies did not find an increased risk of colorectal cancer with PPI use, [9] [10] [11] [12] but the duration of PPI exposures in these studies were relatively short given the long time period required for colorectal cancer to develop from a normal mucosa. Moreover, serum gastrin levels were not measured, and the development of gastric atrophy was not ascertained. Studies that have evaluated the association of hypergastrinemia and colorectal neoplasia have also shown inconsistent results with some, [13] [14] [15] [16] but not all, [4, [17] [18] [19] reporting positive associations.
We hypothesized that since atrophic gastritis is a premalignant condition for gastric cancer that may result as a late sequelae from multiple etiologies including autoimmune pernicious anemia, chronic Helicobacter pylori infections and possibly, long-term treatment with proton pump inhibitors especially in persons with Helicobacter pylori infection, evaluating an association between documented atrophic gastritis and colorectal cancer may shed more light on any association between long-term exposures of these factors and colorectal cancer risk.
Atrophic gastritis may be assessed by measuring serum pepsinogen levels. Low serum pepsinogen I (SPGI) level and/or low serum pepsinogen I/II ratio (SPGI/II ratio) have been validated and used as markers for atrophic gastritis in many previous studies [20] [21] [22] . However, the gold standard for the diagnosis of atrophic gastritis is histopathologic diagnosis following gastroscopy and biopsy of gastric mucosa.
We sought to examine the association between the atrophic gastritis and the risk of incident colorectal cancer using both modalities of assessments (SPGI level and histopathology) among participants in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study in Finland.
Methods

ATBC study
The details of the rationale, design, and results of the ATBC have been published [23, 24] . In brief, the ATBC was a randomized, double-blind, placebo-controlled, 2 9 2 factorial design, primary prevention trial that tested whether supplementation with alpha-tocopherol and/or betacarotene could reduce the incidence of lung and other cancers. A total of 29,133 male smokers, aged 50-69 and living in southwestern Finland, were recruited from 1985 to 1988. The intervention was terminated on April 30, 1993, but the participants continue to be followed as a cohort. The ATBC study was approved by the institutional review boards of the National Cancer Institute, Bethesda, Maryland, and the National Public Health Institute, Helsinki, Finland. All subjects gave written informed consent.
At the pre-randomization baseline visit, study participants completed questionnaires on demographic characteristics and provided information regarding their medical, dietary, and smoking history. Their weights and heights were measured by trained study staff. Blood samples were collected from participants at two time points: at baseline (1985) (1986) (1987) (1988) ) and 3 years after randomization. The sera were stored at -70°C.
Study subjects and serum pepsinogen measurement
Of the 29,133 randomized subjects in ATBC, 21,188 had sufficient serum available from the second blood draw (3 years after randomization) to have the SPGI assay performed. Of these, 260 participants were censored prior to the date of their SPGI measurement (221 subjects were dead and 39 subjects had personal history of colorectal cancer). Therefore, the remaining 20,928 subjects constitute our final cohort (Fig. 1) . SPGI measurements were performed in two laboratories. Serum samples for 6,107 (29.2%) subjects were assayed at the University of California, Los Angeles, California from 1989 to 1991, but because this laboratory was damaged during an earthquake in 1991, the serum samples for the remaining 14,821 (70.8%) subjects were assayed at the University of Helsinki, Helsinki, Finland from 1992 to 1993. The analyses were done by radioimmunoassay methods. The results of the SPGI measurements from both laboratories were correlated and standardized. A low SPGI level was defined as \25 lg/l [25] [26] [27] .
Gastroscopy
Of the 20,928 subjects in the analytic cohort, a total of 1,665 (8.0%) subjects had low SPGI. In all 606 (36.4%) subjects who did not have gastroscopy, 109 (18%) were not offered gastroscopy in the primary gastritis study because of its inclusion criteria; 269 (44%) did not respond to the invitation for gastroscopy; 95 (16%) refused; and 133 (22%) were ineligible for gastroscopy because of health reasons (mostly due to coronary artery disease). Therefore, gastroscopy was performed on 1,059 (63.6%) subjects by gastrointestinal endoscopists (Fig. 1) . In general, gastroscopy was performed within 2 months after SPGI assay. Routine biopsy specimens were taken under direct visualization as follows: one from the distal and one from the proximal antrum along the lesser curvature, two from the middle corpus, and one from the anterior and one from the posterior wall (total of six biopsies). In addition, multiple biopsy specimens were taken from all endoscopically abnormal lesions (local color changes, ulcers, scars, abnormal folds, polypoid lesions, and tumors).
Histological diagnosis of atrophic gastritis
Gastritis and any related histopathologic appearance in all specimens were classified using the Sydney System [28] . Two independent trial pathologists with expertise in gastrointestinal pathology evaluated the specimens and classified the subjects based on the most severe histopathologic change: no atrophy, atrophic gastritis (mild, moderate, and severe), dysplasia (mild, moderate, and severe), and malignant (adenocarcinoma and carcinoid). For our primary analysis, we categorized subjects only by the absence or the presence of atrophic gastritis, irrespective of the severity. Among the 1,059 subjects who underwent gastroscopy, 53 (5.0%) had no evidence of atrophic gastritis in their biopsy samples, whereas 1,006 (95.0%) had histologically confirmed atrophic gastritis (or worse lesions). In a sensitivity analysis, we restricted our analysis to only participants with histologically proven mild, moderate, or severe atrophic gastritis on biopsy without dysplasia or malignancy. This was done because we felt that subjects with dysplasia or gastric neoplasia might have had a different course of treatment and pattern of follow-up that may modify their risk of colorectal cancer.
Outcome assessment
Colorectal cancer cases were identified from the Finnish Cancer Registry, which provides almost 100% case ascertainment in Finland [29] . For cases diagnosed through April 1999, medical records were reviewed centrally by two study oncologists for diagnostic confirmation, and cases with histopathologic specimens available were also reviewed and confirmed by one or two pathologists. Information on colorectal cancer cases diagnosed since May 1999 through April 2006 was derived only from the Finnish Cancer Registry. Deaths were identified from the National Death Registry, a branch of Statistics Finland.
Statistical analysis
The reference group was defined as those with normal SPGI (C25 lg/l). Since we defined atrophic gastritis both serologically and histologically, we compared those with low SPGI (\25 lg/l) and the subset with histologically confirmed atrophic gastritis with the reference group. We used chi-square test to compare the proportions of dichotomous variables. We used Wilcoxon rank-sum tests to compare continuous variables because several of these variables were not normally distributed. We determined the incidence rate of colorectal cancer among participants with normal SPGI (reference group), low SPGI (serological atrophic gastritis), and histologically confirmed atrophic gastritis. We used Cox proportional hazards regression to estimate hazard ratios (HR) and 95% confidence intervals (CI) comparing the subjects with serological and histological atrophic gastritis versus the reference group. The proportional hazard assumption was tested using likelihood-ratio tests. For calculating incidence rates and also for Cox models, we defined the start of follow-up as the date of SPGI assay. We chose this as our start date rather than the date of blood draw (as often done) because we were interested in participants who had histopathologic confirmation of atrophic gastritis following gastroscopy (the gold standard for atrophic gastritis) as our main analysis. The gastroscopy was performed within 2 months of SPGI assay. Therefore, since subjects with normal SPGI was the comparison group for our analyses, using the date of SPGI assay provided a comparable beginning of the follow up for this cohort. Subjects were censored at death (from any cause), at diagnosis of colorectal cancer, or at the end of follow-up for this study (April 30, 2006) , whichever came first. The number of person-years each participant contributed to the cohort served as the underlying time metric. Of note, when we performed our analysis using the date of blood draw as the start of follow-up and evaluated low versus normal-SPGI level, the results were similar (data not shown).
We used two Cox models. In model 1 (the parsimonious model), we kept only variables that were significantly associated with pepsinogen levels and the development of colorectal cancer (age, years of smoking and total cigarettes smoked/day). In model 2 (the a priori model), we retained randomization assignment in the ATBC trial and a priori factors that have been suggested in the literature to be risk factors for colorectal cancer (age, body mass index, alcohol intake, cigarettes smoking, family history of colorectal cancer, education, consumption of red meat, and physical activities). In order to assess the effect of any prevalent subclinical colorectal cancer at the time of SPGI measurement, we also repeated our analysis and excluded the first one, three, five, and ten years of follow-up. We used Stata Ò statistical software version 9 (College Station, Texas) for all analyses. All reported P-values correspond to two-sided tests. Table 1 shows the baseline characteristics of the 20,928 participants included in the analytic cohort (Fig. 1) . The participants were evenly distributed by randomization assignment. The mean age at baseline was 56.9 years, and 16.4% of the subjects had junior high school education or higher. The mean duration of smoking was 35.5 years, and number of cigarettes smoked per day was 20.2. Approximately 2.7% of participants had a family history of colorectal cancer. Compared to participants with normal SPGI, those with low SPGI or histologically confirmed atrophic gastritis were older; had less formal education; smoked for longer duration but fewer cigarettes per day; had lower body mass index; and were more likely to have a history of peptic ulcer disease, a partial gastrectomy, and family history of stomach cancer (all P-values B0.002). However, participants with atrophic gastritis did not differ from those with normal SPGI by family history of colorectal cancer.
Results
Baseline characteristics of participants
Compared to the 1,059 participants who underwent gastroscopy and biopsy for atrophic gastritis, the 606 participants with low SPGI who did not were slightly older (mean age 59.5 vs. 58.5 years, P \ 0.001) and had longer duration of smoking (38.6 vs. 36.7 years, P \ 0.001). They also had less formal education (junior high school or more: 7.4 vs. 11.1%, P = 0.01) and were less likely to be married (79.9 vs. 84.1%, P = 0.03). There was no difference in the prevalence of family history of colorectal cancer between the two groups (2.7 vs. 2.3%, P = 0.67).
Colorectal cancer risk by low SPGI or histologically confirmed atrophic gastritis versus normal SPGI A total of 425 colorectal cancers were diagnosed during a mean follow-up of 11.3 years (range 0-17.3 years), constituting 236,258 person-years of follow-up. The proportional hazard assumption was satisfied (P C 0.25 for all our analytic models). Colorectal cancer incidence rate per 1,000 person-years of follow-up was 1.82 for subjects with normal SPGI and 1.48 for subjects with low SPGI (Table 2 ). In our multivariate analysis, we did not observe any association between serological atrophic gastritis and colorectal cancer risk in the parsimonious model (model 1), (HR = 0.71; 95% CI: 0.47-1.05), and there was no increased risk of colorectal cancer after repeating our analysis with lags of the first year (HR = 0.72; 95% CI: 0.48-1.08), the first 3 years (HR = 0.69; 95% CI: 0.44-1.07), the first 5 years (HR = 0.59; 95% CI: 0.35-1.00), and the first 10 years (HR = 0.89; 95% CI: 0.47-1.70) of follow-up. In the a priori model (model 2), there was also no increased risk of colorectal cancer (HR = 0.81; 95% CI: 0.52-1.25) for low SPGI, and there was no change in the risk of colorectal cancer when lags of 1, 3, 5, or 10 years were performed (data not shown).
Colorectal cancer incidence rates were 1.82 per 1,000 person-years for subjects with histologically confirmed atrophic gastritis. There was also no association with 
Sensitivity analysis
We repeated our analysis and restricted the histologically confirmed atrophic gastritis to only 731 subjects with mild, moderate, or severe atrophic gastritis without the evidence of dysplasia or malignancy. We undertook this analysis to account for possible differences in treatment and follow-up of participants with dysplasia or neoplasia that may modify their risk of colorectal cancer. Participants with only mild, moderate, or severe atrophic gastritis (n = 731) were followed for a mean duration of 11.6 years (range 0.8-17.3 years) for a total 8,444 person-years of follow-up. Fifteen cases of colorectal cancer were diagnosed for an incidence rate of 1.78 per 1,000 person-years of follow-up. When compared with subjects with normal SPGI, there was no association between this alternate definition of histological atrophic gastritis and colorectal cancer in either analytical model: (HR = 0.86; 95% CI: 0.51-1.43) for the parsimonious model and (HR = 0.99; 95% CI: 0.57-1.72) for the a priori model.
Discussion
In our study, we did not observe an increased risk of colorectal cancer with atrophic gastritis. We assessed atrophic gastritis both biochemically with SPGI as a biomarker, and histopathologically, but we did not observe an increased risk using either modality of assessment. The subjects in our study were 50-69 years old when they were enrolled in the ATBC trial and were followed up for duration up to 17 years (mean of 11.3 years) after determination of atrophic gastritis. Our follow-up duration was adequate for a large number of cases to be identified and yet, we did not find any suggestion of a positive association.
To the best of our knowledge, there is no previous prospective cohort study that has evaluated the relationship between atrophic gastritis and colorectal cancer for us to compare our findings with. Only one case-control study has evaluated the relationship between atrophic gastritis and colorectal cancer risk [4] . In that study, 113 cases of colorectal cancer and 226 control participants who were enrolled in a health check-up program in Japan had serum pepsinogen, gastrin, and Helicobacter pylori antibody measured. The authors reported no association between Helicobacter pylori infection, serum gastrin level or serum pepsinogen level and colorectal cancer.
Other studies have also evaluated factors related to atrophic gastritis and risk of colorectal cancer [2] [3] [4] [5] [9] [10] [11] [12] . Previous studies examining the association of Helicobacter pylori with colorectal cancer found inconsistent results with some reporting positive associations [2, 3] while others did not [4, 5] . In their study involving 384 subjects with colorectal cancer and 467 matched controls, Zumkeller et al. [3] reported a higher Helicobacter pylori seroprevalence among cases than controls (51 vs. 44%) and a positive association between Helicobacter pylori infection and colorectal adenocarcinoma (OR = 1.41; 95% CI: 1.06-1.87). In contrast, Limburg et al. [5] reported a lack of an association between Helicobacter pylori infection and colorectal cancer risk in a case-control study nested within the ATBC cohort. In that study, the serum of 118 cases of colorectal cancer patients . Also, no significant association between proton pump inhibitor use and colorectal cancer was found in recent studies [9] [10] [11] [12] .
Robertson et al. [30] recently evaluated the association between pre-diagnostic serum gastrin level, Helicobacter pylori seropositivity, and the risk of recurrent colorectal adenoma using stored sera from two completed chemoprevention trials. The authors reported no association between serum gastrin level and risk of adenoma recurrence (RR = 1.10; 95% CI: 0.78-1.54) and advanced adenoma recurrence (RR = 0.82; 95% CI: 0.33-2.03), but a reduced risk of adenoma recurrence was observed with Helicobacter pylori seropositivity (RR = 0.76; 95% CI: 0.60-0.96) within 3 years of follow-up. This suggests that factors related to atrophic gastritis are not associated with colorectal carcinogenesis even at the early stages of adenoma formation and progression.
Studies have shown that countries with high gastric cancer typically have lower colorectal cancer incidence [31] . Finland, at least in the past, was a country with high risk of gastric cancer and low risk of colorectal cancer [31] . The reasons for this inverse ecological association are not well understood, but several speculative theories could be considered. Gastric cancer is usually seen in populations with lower socioeconomic status, perhaps because of higher rates of Helicobacter pylori infection, food handling practices and dietary patterns such as heavy consumption of salted and smoke-dried foods [32] [33] [34] . In contrast, colorectal cancer is seen more often in higher socioeconomic groups, perhaps due to obesity and less physical activity. It is also quite possible that changes in the gastric micro-environment may be contributing to this inverse ecological association and would merit further research. Nonetheless, it appears that factors that predispose to gastric cancer may not have the same effect in the colon.
Proton pump inhibitors are now very commonly used on a long-term basis in the United States and many other countries of the world. Our study provides some reassuring evidence, by extension, that long-term therapy with proton pump inhibitors, at least in adults, may not increase the risk of colorectal cancer through alteration of gastric homeostasis and perhaps gastrin-related mechanisms.
Potential strengths of our study are that our study population was from a large prospective study; data on risk factors were collected prospectively; dedicated trial pathologists examined the biopsy specimen; and atrophic gastritis was determined using both SPGI and histopathology. We also evaluated the association over a long follow-up period (up to a maximum of 17 years) after SPGI assays using incident colorectal cancer cases ascertained from an accurate cancer registry in a population with relatively low migration.
However, our study has many limitations. Participants in the ATBC were limited to Finnish male smokers, which may affect the generalizability of our findings particularly to women and non-smokers, although most previous associations found in this cohort have been corroborated in other cohorts. We did not have any information on PPI therapy as it was not widely prescribed at the beginning of this cohort. We also did not measure serum gastrin levels to confirm hypergastrinemia nor did we perform gastroscopy on all subjects. Hence, it is possible that some subjects in the reference group may actually have had atrophic gastritis despite normal-SPGI level, and some subjects may also develop atrophic gastritis during the follow-up period. This may bias our results toward null. However, in a population-based study from Finland, [20] SPGI level was \25 lg/l in 80% of subjects with severe atrophic corpus gastritis, but in only 2.1% of those without atrophic gastritis. Therefore, we estimate that the effect of such misclassification is minimal. There is also a possibility that participants with atrophic gastritis may modify their behavior which may in turn modify their risk of colorectal cancer. Unfortunately, we could not assess this possibility objectively in our study. However, there was no meaningful difference in the association between atrophic gastritis and colorectal cancer when we excluded participants with gastric dysplasia or malignancy (who are more likely to have lifestyle modification based on the severity of their gastroscopy findings) in sensitivity analysis.
In conclusion, our prospective long-term study did not demonstrate an increased risk of colorectal cancer with atrophic gastritis among Finnish male smokers. Our study suggests that factors that predispose to the development of atrophic gastritis may not increase the risk of colorectal cancer through direct effect on gastric homeostasis.
